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OVERDRIVEN SHOCKS IN SOLIDS AND LIQUIDS
Duane C. WALLACE
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

The structure of overdriven shocks in solids and liquids is analyzed in terms of the underlying physical
concepts, without resorting to formal mathematics. Two dissipative processes are required for the exist-
ence of a stcady-wave shock, namely plastic flow in a solid, or viscous flow in a liquid, and heat transport
in either a solid or liquid. The first requircment is the analog of Rayleigh's theorem for gases, and the sec-
ond requirement cxtends Rayleigh's ﬁndinigs. For metals, the shock analysis yields approximate pl.stic
flow data at strainrates approaching 1012s'L. The shock risetime in solid or liquid metals is predicted to da-

crease to around a picosecond, as the shock strength increases through the overdriven threshold.

1. INTRODUCTION

Some years ago, I carried out a formal theoret-
ical analysis of the structure of overdriven
shocks in solids and liquids.l'3 Here, in response
to popular request, I review that analysis, not in
the original abstract mathematical terms, but in
terms of the underlying physical cor.cepts.

Our assumptions ar. that the sheck is a single
steady wave, that the material 15 capable of
transporting heat, and that the material under-
goes elastic-plastic response in the solid phase,
and viscoelastic response in the liquid phase. The
analysis is based on irreversible thermodyram.
its, which is valid for shocks up to a certain
strength, that strength being several Mbar for
metala. These underlying theoretical assump-
tions are discussed in more detail in several oth-
er pnpors.“6

The Hugoniot is the thermodynamic locus of
shoched states, ns a fuaction of shock strength,
The Hugoniot jump conditions follow from con.
servation of mass, momentum, and energy, to-
gether with the assumptions that the initial and
shocked states are thermodynamic equilibrivm
states, and that the shock is a steady wave.
These conditions relate the compression €, nor-
mal stress g, and internal energy U, o the shock
veorcity D and the particle velocity 1. With intial
and Hugoniot states denoted by subscripts ¢ and

H, respectively, the jump conditions are

€, = u/D, 1)
o, = p,D%,, (2)
Up-U, = 3D%,, @)

where p is density.

2. SHOCK WAVE EXISTENCE THEOREMS

In uniaxial corapression of an element of mass,
the transverse boundaries are fixed, the applied
normal stress o reduces the thickness of the mass
element, and the transverse stresc ¢ - 21¢ is Anate-
mined by the material response (sce Fiquie \).
The shear stress t is positive in compression. "u a
solid or liquid, the shear stress drives vlastic flow
or viscous flow, respectively, and in cithor case
the Now proceeds 8o as to reduce both t and o.

The compression is € = 1--p /p. From the
steady-wave assumption, and from conscervation
of mass and momentum, it follows that the rela-
tion between normal strens and compressic n with-
in the shock is a straight line, called the Rayleigh
line, and given by

o = p,D%. (4)

The Rayleigh line for an overdriven shock, and
the Hugoniot curves for solid and hquid, are
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FIGURE 1

Deformation of a mass element in uniaxial com-
pressior.

shown in Figure 2. For a solid, the elastic line is
the o (€) relation for an adiabatic uniaxial elastic
compression,; it is given by

o =p,cle, (5)

where ¢, is the adiabatic longitudinal sound veloc-
ity. By definition, an overdriven shock is one which
travels faster than the sound wave, so that D >¢ I
as shown in Figure 2. Now the question is, how can
o rise pbove the elastic compression line at small
€, as it must for an overdriven shock in a solid?
Certainly plastic flow cannot help, because plastic
flow is a response to stress anisotropy, and plastic
flow can only act to reduce 6. Therefore, heat must
be transported to the small-¢ region, since hcat
will increase o. Now if heat is available to be
transported to the leading edge of the shock, then
it must be generated in the later part of the shock,
and the only available heat generating imncchanism
in our solid material is plastic flew. These argu-
ments constitute the physical baris for two theo-
rems on the existence of overdriven steady-wave
shocks in solids:!

(a)  There must be heat transport,

(b)  There must be dissipative plastic flow,

Incidentully, for wenk (underdriven) shocks in
solids, heat transport is not required for the exist-
ence of a shock, and indeed, heat transport is
quantitatively negligible in the weak shock pro-
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FIGURE 2

For an overdriven shock, the Rayleigh line lies
above the elastic lina. The solid Hugoniot lies
above the liquid Hugc niot on account of the shear
strength of the solid.

cess.’

Both of these theorems extend to a liquid. To see
this clearly, we first need to examine the nature of
viscoelastic response. Consider a small uniaxial
compression €, resulting from a small normal
stress g, as shown in Figure 1. If ¢ is applied very
slowly, viscous flow proceeds to relieve the shear
stress, so that 1 remains very small, and the g (¢)
curve is just the isotropic compression curve (pres-
sure-volume curve). If ¢ is applied more quickly,
the o (€) curve rises higher, since only a higher ¢
can drive viscous flow at a higher rate. But when
o is applied quickly enough, there is not time for
any viscous flow, so the liquid response switc! es to
¢lastic, and the o (€) curve does not rise any high-
er. The liquid clastic line is again given by (6),
where ¢, is the velocity of adiabatic longitudinal
sound waves, whirh propagate in a liquid in the
high-frequency (ciastic) limit. Now, by definition,
an overdriven shock in a liquid ia one for which
D>r 80 the arguments appropriate to shocks in
solids apply, and we find the following theorems
on the existenco of overdriven steady-wave shocks
in liquids:®

(a) There must be heat transport,

(b)  There must be dissipative viscous flow,



Finally, we note that these theorems both extend
to gases, since gases must also display elastic re-
sponse at sufiiciently high strainrates.

The above theorems constitute a significant ex-
tension of the classic analysis of Rayleigh in 191¢8
on shocks in viscous heat-cond.cting gases. Ray-
leigh's findings are expressed in two theorems on
the existence of steady-wave shocks: (1) For very
weak shocks, a solution exists when only thermal
conduction is present, and (2) for stronger shocks,
a solution exists when only viscous flow is present.
For overdriven shocks, of concern here, only Ray-
leigh's theorem 2 applies, namely that there must
be viscous dissipation. Our firs. theorem, on the
necessity of heat transport as well, was not discov-
ered by Rayleigh, since he did ot envision the oc-
currence of elastic response at high strainrates.

Still another interesting property of shocks in
liquids was found in our original study:3 for suffi-
ciently strong shocks, beyond the overdriven
threshold, the compression in the leading edge of
the shock is purely elastic.

3. SHOCK STRUCTURE IN METALS

For metals, our irreversible thermodynamic the-
ory should be valid for shocks up iv scveral Mbar.
With a few approximations, it is possible to esti-
mate the plastic flow data for a metal within the
shock process.2 The shock process involves inexact
differentials, such as the differential of work dW,
whose integrals are path depeudent; hence the
shock procoss has to be integrs-~d along the Ray-
leigh line. and nowhere else.

Our first approximation is to neglect the shear
strength of the shock-compressed solid, i.e. to set
T, = 0. 'Then the plastic strain har to be sufficient
to rclease the shear stress to zero at the ond of the
Rayleigh line, and this gives us an approximate
value for y,,. Next we introduce the thermal »qua-
tion of state, giving temperature T and entropy §
as functions of U and p, and this allows us to cal-
culate T and § along the Hugoniot, o that we
tnow how much heat is generated in the shock,
But the heat generated is also the total plastic
work, which is the Rayleigh line intigral of
2p ‘tdy. Henee, to generate the right amount of
heat, we find an estimate of <t>, the average
thear stres: an the Rayleigh line. Next we conswler
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FIGURE 3

Plastic data for Pt within the shock compression,
for shocks from 1 to 3 Mbar.

the time scale of the shock. Two different dissipa-
tion processes are going on simultaneously within
the shock, namely heat conduction and plastic
flow. But since the shock is a steady wave, the two
dissipation processes have to be going on at the
same rate. For a metal, where heat is carried
mainly by the conduction electrons, the thermal
conductivity x is only weakly dependent on tem-
peruture and density, so a good estimate of x with-
in the shock is possible. The value of x then
determines the time rate of the whole process, and
hence gives an estimate of <y>, the mean plastic
strainrate on the Rayleigh line. In this way, we es-
‘imated plastic flow data for 2024 Al, anu for Pt,
for shocks up to melting 2

Plastic data for Pt, in the form of <t>/G us
log<y> , is shewn in Figure 3. G is the shear mod-
ulus, evaluated on the Rayleigh line, in the region
where y is maximum. We einphasize that no plas-
ticity modeling has been used here, the results fol-
low entirely from conservation laws, equilibrium
thermoelastic data, and an estimate of thermal
conductivity. The data should be reliable within a
fuctor of two in < 1>/G, and in .

Finaliy, we recall that the risetime of shocks in
solid and liquid meotals is predicted to decrease to
a fow piceseconds, ns the shock strength inereases
through the overdriven threshold 49 Since this is



a central predictiow of the theory, it would be valu.-
able to measure risetimes of shocks in metals
around the overdrivea threshold.
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